Endoscopic screening and surveillance of patients with Barrett's oesophagus to detect oesophageal cancer at earlier stages is contentious. As a consequence, their costeffectiveness is also debatable. Current health economic evidence shows mixed results for demonstrating their value mainly due to varied assumptions around progression rates to cancer, quality of life and treatment pathways. No randomised controlled trial exists to definitively support the efficacy of surveillance programs and one is unlikely to be undertaken. Contemporary treatment, cost and epidemiological data to contribute to costeffectiveness analyses are needed. Risk assessment to stratify patients at low-or high-risk of developing cancer should improve cost-effectiveness outcomes as higher gains will be seen for those at higher risk, and medical resource use will be avoided in those at lower risk. Rapidly changing technologies for imaging, biomarker testing and less-invasive endoscopic treatments also promise to lower health system costs and avoid adverse events in patients.
Introduction
Barrett's oesophagus is defined as a metaplastic change from normal oesophageal mucosa to columnar-lined epithelium containing goblet cells (1) . It is commonly categorised into non-dysplasia, low-grade or high-grade dysplasia with the relative proportions in patients being 86%, 10% and 2% (2) , respectively. Barrett's oesophagus arises in approximately 6-14% of patients who undergo endoscopy for symptomatic gastro-oesophageal reflux disease, but the condition goes underreported as many patients with Barrett's oesophagus are asymptomatic (3) . Currently, patients with chronic gastro-oesophageal reflux disease are screened for Barrett's oesophagus, and as Barrett's oesophagus is associated with the development of oesophageal adenocarcinoma these patients are monitored under endoscopic surveillance. Oesophageal adenocarcinoma is an aggressive cancer with a poor 5-year survival rate (4), while its incidence has increased considerably in recent decades, particularly in Western populations. Observed risk factors for oesophageal adenocarcinoma include smoking and smoking duration; acid-reflux; obesity; alcohol; family history and diabetes, (5, 6 ) while a risk reduction is seen with frequent use of non-steroidal anti-inflammatory drugs (7) . The strongest risk factor and only known precursor to oesophageal adenocarcinoma is Barrett's oesophagus. Patients with Barrett's oesophagus are at least 30 times more likely to develop oesophageal adenocarcinoma than patients without Barrett's oesophagus (8) .
With 5-year survival rates for early stage oesophageal adenocarcinoma two to three times higher than late stage cases (from discussions with David and Tim 80% vs. 15% = 5 fold… from our not yet published data the Kaplan Meier shows no significant difference in overall survival between HGD/T1a-only pts and general Aust population), surveillance of patients with Barrett's oesophagus as a means to detect early stage oesophageal adenocarcinoma is recommended by several leading bodies (9, 10) . As an early-detection cancer strategy, endoscopic surveillance of Barrett's oesophagus is controversial because the majority of patients undergoing surveillance do not develop oesophageal cancer and subsequently derive no benefit (11) . The yield of early-stage cancers for patients within a Barrett's surveillance program varies widely from 1/285 to 1/52 patient-years, (12) (13) (14) (15) (16) (17) or 0.2% to 2% per year (4) . However, advocates of surveillance suggest it is the only option for early detection, and since adenocarcinoma occurs through a known sequence of metaplasticdysplastic states, detecting pre-cancerous states within a surveillance program is critical to ensure optimal survival (1) . While this appears to be a compelling argument in favour of routine surveillance of patients with Barrett's oesophagus, a number of complicating issues. A definitive diagnosis of dysplasia state can be difficult (18) . Low grade dysplasia is difficult to differentiate from inflammatory reactive atypia. Furthermore, dysplastic lesions can be flat and difficult to detect with standard endoscopic techniques, and biopsy sampling protocols can miss focal lesions (Histopathology. 2007 Jun;50 ( Consequently, these issues continue to present a dilemma for clinicians and hospital administrators as to whether screening and surveillance endoscopies should be supported within routine programs.
There are also economic considerations for screening and surveillance of Barrett's oesophagus. Costeffectiveness analysis is the process of systematically comparing the relative health care costs and benefits of alternative strategies for the purpose of informing decision-makers of the strategy with the best value (19) . Systematic assessment of incremental costs and effects requires knowledge of natural history and interaction with practice, and this is particularly relevant for oesophageal adenocarcinoma which has multiple strategies and pathways for monitoring, diagnosis and management, all conditional on the stage of disease at presentation (20) . Although health provider costs may be of lesser concern to clinicians who will be focussing on optimizing outcomes for individual patients, ultimately, resource allocation decisions affect everyday clinical care in settings with budgetary pressures (21) . It is mandatory for regulatory bodies in Canada, the UK, Australia and most of the Western world to evaluate cost-effectiveness of new technologies when considering potential government reimbursement.
Against this background, the present review introduces the economic issues of screening patients for Barrett's oesophagus and surveillance of those patients diagnosed with the condition. The current state of evidence is presented, along with the limitations of this evidence-base, and future directions on this topic. This review focuses particularly on surveillance strategies and assessments of their cost-effectiveness because this is where most of the research evidence is concentrated. Furthermore, screening cannot be implemented until surveillance strategies are shown to be cost effective.
What are the economic issues?
Cost-effectiveness studies for screening and surveillance of Barrett's oesophagus require robust data on the natural history of disease progression, the efficacy of treatments, and health resource use. However, data on all of these has been scarce, until more recently (22, 23) . Oesophageal cancer suffers from the dual problems of being a relatively rare disease and having high resource use for adequate control (22) . Research continues to be difficult as large numbers of patients are required in well-designed trials for evaluating the key outcome of 'detected cancer cases' arising from the progression of dysplasia in patients with Barrett's oeosphagus. Currently no such trial exists and it is unlikely that a large-scale multicentre randomised controlled trial of Barrett's surveillance or screening will be possible due to the low yield of cancer cases detected, long recruitment time and high participant numbers required. Consequently, this situation necessitates the use of economic modelling work to synthesize the 'best available' evidence and may use investigator assumptions to supplement information gaps.
It is also necessary to understand the prospective health resource use and outcomes for treating oesophageal adenocarcinoma or high grade dysplasia in a way that reflects real-world practice (24) . An overview of the major practice patterns, natural history and management of oesophageal cancer and the associated health care resources used in a large Australian patient cohort (n=1100) has been reported recently (24) . However, the transferability of resource use to other nations is challenging due to clinicians adhering to different guidelines and associated practice patterns and also the organisational features of different health systems (22) .
Treatment costs for oesophageal cancer are changing with newer technologies, and the associated impact on the economic benefit of surveillance programs is unknown. The high cost of the hospital episode for oesophagectomy is reported in several studies (22, 25) . Surgical treatment is complex, and it is common for adverse events to occur, resulting in lengthy hospital stays and longer recovery periods in some patients. Previous work on patient-level resource data showed that that 24% of the patients undergoing oesophagectomy experienced at least one significant complication and the mean length of hospital stay for the surgical episode was 15.5 days (24) . Many patients undergoing oesophagectomy were hospitalized for a longer period of time (24) , whereas radiofrequency ablation and endoscopic mucosal resection are typically same-day procedures. However, these endoscopic procedures usually require several procedures per patient to complete a course of treatment, and ongoing intensive follow up surveillance (26) . In assessing the subset of patients specifically with stage T1 adenocarcinoma or high-grade dysplasia, some economic efficiency might be gained from treatment pathways which involve less-invasive endoscopic therapies. This is driven by reduced treatment-related morbidity and mortality and lower treatment costs compared to surgery. This has clear implications for endoscopic and non-endoscopic surveillance based early detection strategies.
Few studies have assessed the cost-effectiveness of treatments for oesophageal cancer and highgrade dysplasia. Emerging strategies include substituting oesophagectomy with endoscopic therapies (radiofrequency ablation and endoscopic mucosal resection), or chemoradiotherapy, concentrating surgical work to high-volume centres, and early testing of tumour response during neoadjuvant chemotherapy by PET scan with subsequent targeted care. In a recent study (27) , hypothetically increasing the proportion of patients with stage T1 adenocarcinoma who underwent endoscopic mucosal resection rather than oesophagectomy produced a smaller net benefit than for early detection strategies. Despite this, the results supported the use of endoscopic mucosal resection for T1 tumour treatment as shown by the positive net benefit, consistent with previous health economic reports of endoscopic techniques as preferred treatments for high-grade dysplasia and stage T1 adenocarcinoma versus oesophagectomy (28, 29) . Pohl et al. 2009 assessed the costeffectiveness of combination radiofrequency ablation and endoscopic mucosal resection in patients with stage T1a oesophageal adenocarcinoma, and suggested that radiofrequency ablation was costeffective over a 5-year time frame (26) . Similarly, a UK study by Boger et al. 2010 compared first-line radiofrequency ablation (with oesophagectomy for subsequent recurrence/progression) versus oesophagectomy in patients with high-grade dysplasia. Although modelling was limited to two years follow-up, they concluded that radiofrequency ablation was a cost-effective option. However, an Australian study found a high degree of uncertainty in the cost-effectiveness of radiofrequency ablation for low-grade dysplastic Barrett's oesophagus compared with surveillance (30).
What economic methods have been used to evaluate screening and surveillance of Barrett's oesophagus?
Several economic evaluations have been undertaken to provide information on the costeffectiveness of screening and surveillance of Barrett's oesophagus using standard health economic approaches. Full economic evaluations consider both the costs and the health effects of competing alternatives. Effectiveness in economic evaluation is often measured in quality-adjusted life years (QALYs), or life-years saved (LYS). A QALY is one year of life adjusted by a health state valuation (or utility), where death has a zero value and full health is valued at one. Several validated ? survey methods are available to elicit health state valuations from target populations.
Models in economic evaluation are generally used to extrapolate evidence from trials and other epidemiological data. A common modelling technique in health economic evaluation is the discrete time, single cohort Markov model. In such a model, a cohort of people of a given age is followed through successive health states, dependent on being in the intervention or comparator arm. The health states and the transitions between them determine both QALYs and costs, and these are aggregated to calculate an incremental cost-effectiveness ratio (ICER). The ICER is a ratio of the incremental costs to incremental effects of one treatment over a comparator and is interpreted as the additional cost per unit of outcome relative to the comparator. Willingness-to-pay thresholds are commonly used by health authorities as a guide of cost-effectiveness; when strategies are below the threshold they are judged as being cost-effective in that health system. The willingness-to-pay threshold in the US is often assumed to be $100,000 per QALY while in the UK, the stated threshold is £20,000-30,000 per QALY. A strategy that improves outcomes while also saving costs compared to the next best option is considered 'dominant'.
Dealing with the uncertainty inherent in economic model estimates and their structure is a crucial aspect of economic evaluation (31) . Using statistical distributions in place of point estimates provides a guide to the degree of variation possible in model parameters. A Monte-Carlo simulation can be used to re-sample from the probability distributions of all the variables (?) through many iterations to create a range of results with 95% confidence intervals (31) . Varying individual parameter estimates through a plausible range, known as one-way sensitivity analysis, and evaluating the impact on results, highlights key areas of uncertainty and indicates the degree of stability of the base results.
Is screening for Barrett's oesophagus worthwhile?
For a disease screening program to be acceptable, the World Health Organisation recommends certain criteria be satisfied (32) . Some of these include: there should be a treatment for the condition, facilities for diagnosis and treatment should be available, the test should be acceptable to the population, the natural history of the disease should be adequately understood, there should be an agreed policy on whom to treat and the total cost of finding a case should be economically balanced in relation to medical expenditure as a whole. Information from research studies to inform these criteria are ongoing and further work is necessary in the case of screening for Barrett's oesophagus where these criteria are not strongly demonstrated.
Screening for Barrett's oesophagus precedes surveillance activity, however they have been previously combined in health economic studies (33) , probably due to the involvement of endoscopy for both activities. In a 2009 review on the health economic evidence for screening (34) , five studies were identified as meeting the inclusion criteria (33, (35) (36) (37) (38) . Studies were included if they examined conventional endoscopic screening followed by endoscopic surveillance of Barrett's oesophagus and used a cost-effectiveness or cost-utility framework. Other screening techniques included video capsule endoscopy and ultrathin unsedated nasal endoscopy. All studies targeted men with chronic gastro-oesophageal reflux disease.
All studies in the review used Markov health state transition models of hypothetical populations and observational data. Considerable variation in the estimates used in the models were apparent, for example, the prevalence of Barrett's oesophagus histological subtypes, progression rates, surveillance protocols, choice of costs and cost of oesophagectomy. All studies appeared to implicitly assume 100% compliance with the surveillance schedules. The estimated incremental costeffectiveness ratios varied between the studies:  US$10,440 per QALY for screening/surveillance of only persons with Barrett's oesophagus dysplasia(33),  US$11,254 per QALY for endoscopic screening/surveillance versus none (38) ,  US$55,764 per QALY for ultrathin nasal-endoscopic screening/surveillance versus none and US$86,833 per QALY for endoscopic screening/surveillance (37),  US$12,140 per LYS for both metaplasia and dysplasia (36),  US$4,530 per LYS for screening/surveillance versus none and US$24,850 per LYS for video capsule endoscopy (35) .
The reviewers concluded that most studies in the review included optimistic assumptions that would have underestimated the incremental cost-effectiveness ratios. These included a lack of consideration for the possible negative impact on quality of life among individuals diagnosed with Barrett's oesophagus through screening, assumptions of 100% accuracy for endoscopic testing and diagnosis, no consideration of organizational arrangements to facilitate and maintain high uptake rates and allowing for different health care utilization of patients with reflux symptoms upon diagnosis of Barrett's oesophagus (e.g., more aggressive proton pump inhibitor medications or antireflux surgery) (34) . In summary, the authors declared that there was insufficient evidence to recommend Barrett's oesophagus screening programs among patients with gastro-oesophageal reflux disease (34 
Is endoscopic surveillance of Barrett's oesophagus worthwhile?
A recent systematic review assessed the evidence for endoscopic surveillance of Barrett's oesophagus (43) . Seven studies met the inclusion criteria (2, 33, 44-48) which involved a comparison of surveillance for individuals with non-dysplastic Barrett's oesophagus versus no surveillance, an outcome of either QALY or LYS and inclusion of both costs and benefits in the analysis. Studies were published during 1999-2009, and with the exception of one UK study (2) the remaining studies were based on US populations. All studies employed decision-analytic Markov modelling with health state transitions to reflect disease progression. Modelled cohorts had starting ages ranging from 50 to 60 years and models were generally run for 25-30 years or until death (i.e., lifetime models). Rates of misdiagnosis and utility estimates often relied on author assumptions. Figure 1 shows that the studies produced mixed results about the value of surveillance, ranging from surveillance being inferior (higher costs and lower outcomes) to no surveillance (2) to $801,041 per QALY gained. With an acceptable willingness-to-pay threshold of up to $100,000 per QALY gained in the US, many studies appeared to be cost-effective. Some studies suggest surveillance is not costeffective under any scenario tested (44, 46) , while others concluded that surveillance is economically acceptable under certain conditions (for example, when the surveillance interval is lengthened (33, 45) ).
The authors concluded that the studies in the review are now largely outdated as they were based on poor quality evidence (43) . The evaluations were conducted according to best available evidence at the time of publication by recognized experts in the field of Barrett's oesophagus. Important inputs for modelling (e.g., quality of life, proportion of patients progressing among dysplasia grades, misdiagnosis rates) relied on assumptions by these experts. Mortality rates for oesophagectomy are also improving in specialist centres, and recent epidemiological studies have produced more rigorous estimates of the natural history of Barrett's oesophagus (23). Clinical practice has also improved with greater use of less invasive endoscopic techniques that promise to reduce treatment costs. Studies finding favourable cost-effectiveness ratios (33, 45, 48) are likely to be due to a combination of the use of very high utility (quality of life) values (~0.97) which seem counterintuitive, infrequent surveillance intervals (5 yearly) and less coverage of the costs involved (22) . These studies also used higher rates of progression to cancer under surveillance (~0.50%) compared to more recent updates (23, 41). Moreover, analyses did not consider the clinical uncertainty of alternative management options for early stage cancer (43) procedures (28, 43) . In model-based economic evaluations, the results of uncertainty for all model inputs as well as considering results of structural uncertainty are recommended practice (49).
Limitations of health economic evidence
In both the health economic literature for screening and surveillance of Barrett's oesophagus, the main limitations for clear guidance in clinical practice are attributed to the following:  There is no randomized controlled trial for screening and/or surveillance of Barrett's oesophagus to definitively demonstrate efficacy and therefore selection and other biases inherent in observational studies cannot be ruled out when assessing patient outcomes.  Limited availability of model estimates: For example, economic models are consistently dependent on progression rates and quality-of-life estimates that in many economic evaluations, were largely reliant on author assumptions (43);  Quality of analyses: Modelled studies have often not fully addressed all aspects of uncertainty in the analyses and later studies demonstrate more thorough attention to uncertainty;  Transferability to other settings: The extent to which the findings are transferable to other settings will depend on several factors such as differences in practice patterns, health care prices and organisation of the health system. Although the costs used are specific for that country, the resource relativities to each other should be broadly similar across other Western countries.  Program delivery: The assumptions made about the organization of the surveillance or screening programs may be overlooked. Such aspects as, the intensity of the co-ordination processes and follow-up procedures to ensure patient adherence to appointments and endoscopist adherence to standardized protocols (50) will differ across settings.  Endoscopic screening/surveillance methods are not always consistent (51, 52) , and a reproducible diagnosis of Barrett's oesophagus, with or without dysplasia, can also be difficult in individuals with short segments and hiatus hernia (53) (54) (55) . Surveillance is likely to be less cost-effective if a lower compliance is modelled.  Definition of Barrett's oesophagus: Finally, the UK-based British Society of Gastroenterology guidelines do not require patients to have confirmed intestinal metaplasia, and therefore, the results may not be comparable to patients undergoing surveillance in the US and other countries which define BE as requiring the presence of intestinal metaplasia.
Future directions -Identifying high-risk individuals
Targeting surveillance to high-risk individuals might maximize benefits and minimize unnecessary use of hospital resources. Intuitively, cost-effectiveness of selected populations for screening or surveillance should be achieved where QALYs gained are relatively high and their costs are potentially lower than strategies directed at 'any-risk' populations. However, at present the low specificity of molecular biomarkers in Barrett's oesophagus, which appears to be due to intertumour molecular heterogeneity, means that potentially low-risk patients would either need ongoing testing to capture false negatives, or we may need more or better markers. Molecular biomarker based risk stratification has therefore not yet entered clinical practice.
In the future, it is possible that predictive biomarkers might more accurately identify patients who are at risk of progressing to cancer, and this information could potentially be used to target these individuals for closer surveillance and to reduce surveillance for low risk patients, thus improving cost-effectiveness. Past work has shown a combination of critical abnormalities within the tumorsuppressor genes TP53 and CDKN2A, as well as DNA content abnormalities (tetraploidy and aneuploidy), are associated with a high risk of cancer progression (56) , but this specific-biomarker approach appears to be hindered by inter-tumour heterogeneity. (2) :e67), with acceptable limits of sensitivity and specificity, which differentiated surveillance program participants into low-and high-risk groups, and subsequently with more targeted treatment pathways and higher proportions of pre-or early-stage cancers detected in the high risk group (Gordon et al. 2013, unpublished) . The cost-effectiveness of an alternative biomarker strategy remained favourable if patients testing negative for biomarkers did not receive surveillance in the first five years and received 2-yearly surveillance thereafter. In addition, if endoscopy surveillance of patients with non-dysplastic Barrett's oesophagus was scheduled less frequently, either 3-or 5-yearly and/or annually for low-grade dysplasia, the costeffectiveness of surveillance would be considered acceptable in most health systems. This, however, assumes that no cancers progress to advanced stage disease under such modified surveillance protocols, and there is only limited evidence available to support this (59) .
A significant advantage of biomarker testing is the capability for objective assessment of risk, and it could therefore replace risk assessment based on the identification of low-grade dysplasia, which has the problem of variable histopathological interpretation, and the problem of lesions being missed by biopsy sampling. In our managed surveillance program, which has a high level of compliance to surveillance intervals and biopsy sampling (BMJ. 2006 Jun 3;332(7553):1320-3), 50% of patients that developed high grade dysplasia or adenocarcinoma under surveillance progressed without detection of low grade dysplasia (Gordon et al. 2013 unpublished) . However, no studies to date have reported the efficacy of longitudinal biomarker testing to determine whether the false negatives from initial testing can be detected during follow up. Therefore, the appropriateness of biomarker testing, its efficacy within a surveillance program, its feasibility and its acceptance are yet to be determined.
Further research involving patients with positive biomarkers and additional high-risk clinical factors such as being male, the presence of oesophagitis, length of Barrett's oesophagus, and length of time with Barrett's oesophagus (41) is warranted on economic and efficacy grounds to elicit outcomes from a more targeted high-risk surveillance population. Risk assessment procedures that propose the combined use of molecular, clinical and epidemiological markers are needed and require evaluation of their effectiveness and cost-effectiveness.
Other impacts on surveillance
Despite encouraging initial results, the treatment of low-grade dysplasia with radiofrequency ablation is still an area of controversy (30), and there is no consensus that these patients should undergo radiofrequency ablation. There is also a lack of outcome data for radiofrequency ablation for low-grade dysplasia. It is certain that the costs of the surveillance would be higher due to the cost of radiofrequency ablation treatment added to ongoing endoscopic surveillance (30). It is clear that cost-effectiveness for radiofrequency ablation for low-grade dysplasia can only be achieved if patients undergoing ablation can be discharged from ongoing follow-up, or have sufficiently reduced surveillance, and there is currently no evidence to support these strategies.
There are various treatment options for Barrett's oesophagus which overlap with those for treating symptomatic gastro-oesophageal reflux disease, namely proton pump inhibitor medications and anti-reflux surgery. The goal of these treatments has been to treat reflux symptoms, with a hope that this might to limit progression to cancer. However, neither anti-reflux therapy produces predictable regression, or prevents cancer development (60, 61) . Patients receiving these treatments will need to be identified in upcoming research on the clinical utility of surveillance activity as they are likely to confound surveillance outcomes and cost-effectiveness analyses.
Summary
With increasing pressures on health systems to contain health care costs, information on the costeffectiveness of existing and proposed strategies is increasingly contributing to decision-making. Economic evaluations are designed to assist with efficiently allocating scarce health care resources, that is, to minimise costs for given health outputs. The cost-effectiveness of appropriate management strategies for patients with Barrett's oesophagus must be considered. Using current estimates of the malignant potential of Barrett's oesophagus in the wider population versus those reported in surveillance program audits, surveillance of all patients with non-dysplastic Barrett's oesophagus may not be cost-effective. However, further work to identify high-risk individuals, perhaps in the future using a biomarker based strategy, might enable endoscopy surveillance to be tailored to high-risk individuals, and thereby improve the economic acceptability of endoscopybased surveillance of Barrett's oesophagus.
Practice points
 No randomised clinical trial exists to confirm the efficacy of surveillance of Barrett's oesophagus  Traditional endoscopic surveillance of patients with non-dysplastic Barrett's oesophagus may not be cost-effective and remains controversial until updated cost-effectiveness analyses prove otherwise  Using Clinical Practice Guidelines and consensus statements to guide practice around surveillance protocols will increase the cross-comparison of research audits and could be used to feed into cost-effectiveness analyses.
Research agenda  Emerging technologies used in the pathways of care for patients identified for screening and surveillance of Barrett's oesophagus need to be assessed for their cost-effectiveness  Identification of high-risk individuals via biomarkers or other known risk-factors shows promise in improving the cost-effectiveness of endoscopic surveillance and research evidence to confirm this is required.
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